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In recent years several evidence demonstrated that some features of hippocampal biol-
ogy, like neurogenesis, synaptic transmission, learning, and memory performances are
deeply modulated by social, motor, and sensorial experiences. Fractalkine/CX3CL1 is a
transmembrane chemokine abundantly expressed in the brain by neurons, where it mod-
ulates glutamatergic transmission and long-term plasticity processes regulating the inter-
cellular communication between glia and neurons, being its speciﬁc receptor CX3CR1
expressed by microglia. In this paper we investigated the role of CX3CL1/CX3CR1 sig-
naling on experience-dependent hippocampal plasticity processes. At this aim wt and
CX3CR1GFP/GFP mice were exposed to long-lasting-enriched environment (EE) and the
effects on hippocampal functions were studied by electrophysiological recordings of long-
term potentiation of synaptic activity, behavioral tests of learning andmemory in theMorris
water maze paradigm and analysis of neurogenesis in the subgranular zone of the dentate
gyrus (DG).We found that CX3CR1 deﬁciency increases hippocampal plasticity and spatial
memory, blunting the potentiating effects of EE. In contrast, exposure to EE increased
the number and migration of neural progenitors in the DG of both wt and CX3CR1GFP/GFP
mice. These data indicate that CX3CL1/CX3CR1-mediated signaling is crucial for a normal
experience-dependent modulation of hippocampal functions.
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INTRODUCTION
The importance of the environment in the regulation of brain
physiology and behavior has long been recognized in biological,
social, and medical science. The chance to live in conditions where
social interactions, but also sensory and motor inputs are poten-
tiated (enriched environment, EE), increases brain plasticity and
could be relevant to prevent or reduce the alterations in cognitive
performances occurring upon aging and in several neurodegener-
ative diseases (van Praag et al., 1999; Nithianantharajah and Han-
nan, 2006). The brain of animals maintained under EE conditions
has been shown to undergo molecular and morphological changes
leading to: (i) modiﬁcation in neuronal structure, connections,
and efﬁcacy (Globus et al., 1973; Green and Greenough, 1986;
Kempermann et al., 1997); (ii) reduction of anxiety, fear, stress,
and excitability (Engellenner et al., 1982); (iii) enhanced learning
and memory (Escorihuela et al., 1995; Kempermann et al., 1997;
van Praag et al., 1999; Rampon andTsien, 2000). The crucial ability
of the CNS to encode and retain memories is based on activity-
dependent forms of synaptic plasticity and, in the mammalian
brain, hippocampal long-term potentiation (LTP) is believed to
be related to the storage of declarative memory (Squire and Zola-
Morgan, 1991). In particular, the CA1 area of the hippocampus is
critical for information processing linked to the acquisition and
consolidation of spatial memories (Tsien et al., 1996). Exploration
of spatially complexorEE elicits, in theCA1hippocampal neurons,
patterns of electrical activity similar to those of electrical stimu-
lation used to experimentally induce LTP in hippocampal slices
(Otto et al., 1991). In addition, hippocampal slices from the brain
of “enriched” mice show enhanced LTP in the Schaffer collateral
pathway of area CA1 (Duffy et al., 2001), suggesting that exposure
to EE may modify synaptic physiology in hippocampal neurons
(Foster et al., 1996; van Praag et al., 1999). It has been reported
that exposure of mice to EE for several weeksmodiﬁes learning and
memory abilities in the hippocampus. In particular, mice exposed
to a prolonged period of EE, perform better in the Morris water
maze test compared with age-matched mice reared in standard
cages (van Praag et al., 1999). However, the factors mediating the
effect of enrichment on behavior have been only partially identi-
ﬁed. Among these factors, cytokines appear to exert an important
function (Goshen et al., 2009) however, the role of CHEMOtactic
cytoKINES (chemokines) has not been explored, yet. Beside their
role in the immune system, chemokines play neuromodulatory
roles on brain functions being constitutively expressed in the brain
both in glial cells and neurons (Asensio and Campbell, 1999). In
particular, chemokines contribute to cell-to-cell communication
(Tran and Miller, 2003), modulating neurotransmitter release and
plasticity (Giovannelli et al., 1998; Meucci et al., 1998; Limatola et
al., 2000; Bezzi et al., 2001; Ragozzino et al., 2006; Rostène et al.,
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2007; Maggi et al., 2009), and modifying the functional properties
of ionic channels (Meucci et al., 1998; Lax et al., 2002; Oh et al.,
2002).
Although the mouse brain is completely formed few weeks
after birth, it maintains some degrees of plasticity throughout
life, including axonal remodeling, synaptogenesis, neurogenesis,
migration, and integration in pre-existing circuits. The dentate
gyrus (DG) of the hippocampus is one of the main neurogenic
niches in the adult brain. The progenitor cells in the subgranular
zone (SGZ) divide, generating neuronal precursors that express
doublecortin (DCX,amicrotubule-associated protein required for
immature neural cells migration, Brown et al., 2003) and migrate
for a short distance before they differentiate and integrate into the
pre-existing neuronal networks (van Praag et al., 2002). A large
number of studies suggests that EE and physical exercise stimulate
the appearance of new neurons in the hippocampal DG (Kemper-
mann and Gage, 1999; van Praag et al., 1999). The neurogenesis in
the DG has been correlated with the function of pattern separa-
tion, an essential step in information processing to avoid memory
interferences (Deng et al., 2010). The correct migration of neural
precursors generated in DG requires, among the other factors,
the timely expression of the chemokine CXCL12 and its speciﬁc
receptorsCXCR4andCXCR7 (Sánchez-Alcañiz et al., 2011).Much
less is known on the role of CX3CL1/CX3CR1 signaling in DG
neurogenesis. CX3CL1 is constitutively expressed in several brain
area while its speciﬁc receptor CX3CR1 is expressed by microglia
and, in the hippocampus, it has been shown to modulate synaptic
transmission between Schaffer collaterals and pyramidal neurons
in the CA1 region, inducing AMPA-mediated excitatory synap-
tic depression and negatively modulating LTP (Bertollini et al.,
2006; Ragozzino et al., 2006; Maggi et al., 2009). A recent study
demonstrates reduced neurogenesis in the SGZ of CX3CR1−/−
mice and potentiating effects of exogenous CX3CL1 on DG neu-
rogenesis in aged mice,which also have lower level of hippocampal
CX3CL1 expression (Bachstetter et al., 2011). In the present study
we characterized the role of CX3CR1/CX3CL1 signaling in modu-
lating neural plasticity, learning abilities and DG neurogenesis in
a mouse model of EE.
MATERIALS AND METHODS
ANIMALS
Three-week-old female mice (wt : C57BL/6J and CX3CR1GFP/GFP
on the C57BL/6J background from the Jackson Laboratory,
Charles River) were either housed in standard environment (SE)
or EE. In CX3CR1GFP/GFP mice, CX3CR1 gene was replaced
by a green ﬂuorescent protein (GFP) reporter gene (Jung
et al., 2000). Littermates wt and CX3CR1GFP/GFP, obtained from
CX3CR1+/GFP ×CX3CR1+/GFP heterozygotes, were genotyped by
PCR following the protocol and primers described by the mice
supplier.
ENVIRONMENTAL ENRICHMENT
Mice exposed to SE were housed in pairs, in standard cages
(30 cm× 16 cm× 11 cm). Mice exposed to EE were housed 10
for cage (36 cm× 54 cm× 19 cm or 45 cm× 25 cm× 22 cm with
a labyrinth), in the presence of an assortment of objects, including
climbing ladders, running wheel, balls, plastic, and wood objects
suspended from the ceiling, paper, cardboard boxes, and nesting
material. Toys were changed every 2–3 days, while the bedding
was changed every week. Both EE and SE groups received identi-
cal type of rodent chow and water ad libitum and were kept on a
12-h light/dark cycle. Mice were kept in EE or SE for 2.5 months
before electrophysiological, behavioral, and immunoﬂuorescence
analyses. In particular, electrophysiological and immunoﬂuores-
cence experiments were performed on two different sets of trained
animals (for both wt and CX3CR1GFP/GFP). EE experiments were
not performed on littermates due to technical limitations to obtain
age- and gender-matched mice of different genotypes in sufﬁcient
number.
HIPPOCAMPAL SLICE PREPARATION
Electrophysiological experiments were performed from 1 to 5 days
after enrichment. The experiments were performed in agree-
ment with international guidelines on the ethical use of ani-
mals from the European Communities Council Directive of 24
November 1986 (86/609 EEC). Hippocampal slices were routinely
obtained from 13 to 14-week-old C57BL/6J or CX3CR1GFP/GFP
mice. Brieﬂy, the animals were decapitated after being anesthetized
with halothane. Whole brains were rapidly removed from the
skull and immersed for 10 min in ice-cold artiﬁcial cerebrospinal
ﬂuid (ACSF) solution containing (in millimolar): NaCl 125, KCl
4.4, CaCl2 2.5, MgSO4 1.5, NaHPO4 1, NaHCO3 26, and glu-
cose 10. The ACSF was continuously oxygenated with 95% O2,
5% CO2 to maintain the proper pH (7.4). Transverse 350 μm
thick slices were cut at 4˚C with a vibratome (DSK, Japan) and
the appropriate slices were placed in a chamber containing oxy-
genated ACSF. After their preparation, slices were allowed to
recover for 2 h. Individual slices were then transferred to the inter-
face slice-recording chamber (BSC1, Scientiﬁc SystemDesign Inc.)
with a total ﬂuid dead space of approximately 3 ml. Slices were
maintained at 30–32˚C and constantly superfused at the rate of
1.5 ml/min. Solutions were applied to the slices by a peristaltic
pump.
ELECTROPHYSIOLOGICAL RECORDINGS
At the beginning of each recording, a concentric bipolar stim-
ulating electrode (SNE-100× 50 mm long Elektronik–Harvard
Apparatus GmbH) was positioned in the stratum radiatum for
stimulation of Schaffer collateral pathway projections to CA1.
An ACSF-ﬁlled glass micropipette (0.5–1 MΩ) was positioned
200–600μm from the stimulating electrode for recording ortho-
dromically evoked fEPSPs. Stimuli consisted of 100 μs constant
current square pulses, applied at 0.05 Hz. The intensity of the
stimulus was adjusted in each experiment to evoke ∼50% of the
maximal ﬁeld potential amplitudewithout appreciable population
spike contamination. Evoked responses were monitored online
and stable baseline responses were recorded for at least 10 min.
Only the slices that showed stable fEPSP amplitudes were included
in the experiments. To analyze the time course of fEPSP slope, the
recorded fEPSP was routinely averaged over 1 min (n = 3). LTP
experiments were performed in ACSF and the averaged fEPSP
(35–45 min post-induction) was normalized to the baseline val-
ues (0–10 min) before LTP induction (HFS, 1 train, 100 Hz, 1-s
duration, test strength). LTP experiments in SE were replicated in
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CX3CR1GFP/GFP, wt and CX3CR1GFP/+ littermates (Figure A1 in
Appendix).
For the paired-pulse ratio (PPR) test, closely spaced consecutive
stimuli (50 ms interval) were used, and PPR was calculated as the
ratio between the fEPSP amplitude evoked by the second stimulus
(A2) over the ﬁrst (A1; A2/A1). Input–output (I–O) curves were
measured at the beginning of recordings.
DATA ACQUISITION AND ANALYSIS
Slices were visualized with a Wild M3B (Heerbrugg, Switzerland).
fEPSPs were recorded and ﬁltered (1 kHz) with an Axopatch 200A
ampliﬁer (Axon Instruments, CA, USA) and digitized at 10 kHz
with an A/D converter (Digidata 1322A, Axon Instruments). Data
were stored on a computer using pClamp 9 software (Axon Instru-
ments) and analyzed off-line with Clamp-ﬁt 9 program (Axon
Instruments).
MORRIS WATER MAZE
The water maze apparatus consisted of a black Plexiglas circular
pool 88 cm in diameter and 33 cm in height, and was placed in the
middle of an experimental room (dimension 4 m × 4 m× 3 m).
The pool was ﬁlled with water kept at a temperature of 26 ± 1˚C. A
plastic transparent platform (8 cm in diameter) was placed 0.5 cm
below the water surface and 10 cm from the edge of the pool. All
tests were carried out between 9:00 and 14:00 h. The entire pro-
cedure took 8 days. Mice were individually transferred from the
home-cage to pool. To avoid visual orientation prior to release,
mice were transferred from their cages into the pool in a non-
transparent plastic cup, from which they glided into the water
facing the pool wall. Release points were balanced across four
symmetrical positions on the pool perimeter.
The ability of experimental subjects to identify and reach a
visible platform was tested in the visual cued version of the task,
lasting 2 days, which preceded the 6-days of the acquisition phase.
Each testing day, mice underwent three trials during which they
were allowed to freely swim either for 60 s (cut-off time) or until
they found and climbed onto the platform; the inter-trial inter-
val was at least 40 min. Platform ﬁnding was deﬁned as staying
for at least 3 s on it. Once the platform was found, the mice were
given the opportunity to climb on a wire-mesh grid and placed
back to a cage kept in a warm environment. During the acqui-
sition phase, mice that did not ﬁnd the platform were trained
in locating it by placing them on the platform for 10 s at the
end of the trial. On the fourth and sixth day of the acquisition
phase, the platform was removed from the pool and each mouse
was tested for memory retention in a 30-s probe trial. During
the probe trial, the platform was removed from the pool and the
time spent in the target quadrant of the maze (where the platform
was located during the acquisition phase) was scored as a reliable
measure of memory retention. The swim path of the mice was
recorded by means of a computer-based video-tracking system
Ethovision (Noldus, The Netherlands). For the acquisition phase,
the variables recorded were: latency to reach the platform, mean
swimming speed, path length and turned angle, and thigmotaxis.
For the probe trial, the variables recorded were: time spent in each
quadrant, number of platform crossing, mean swimming speed,
and thigmotaxis.
ANIMALS AND TISSUES PREPARATION
Four mice from each different set of trained animals (both wt
and CX3CR1GFP/GFP) were anesthetized using chloral-hydrate
(400 mg/kg), transcardially perfused with phosphate-buffered
saline (PBS 0.1 M), followed by 4% paraformaldehyde (PFA) in
PBS. The brainswere removed and post-ﬁxed in 4%PFAovernight
at 4˚C and then cryoprotected by 24 h immersion in PBS contain-
ing 30% (w/v) sucrose at 4˚C. Brains were cut into 10μm sagittal
sections using a cryostat.
IMMUNOFLUORESCENCE
Immunoﬂuorescence staining procedures were conducted on free-
ﬂoating sections containing the hippocampal DG starting at
−1.46 mm and ending at −2.80 mm from the bregma. The whole
region of interest was covered by 4 sequential 40× microscopic
ﬁelds. The same number of sections for mouse (25) was incu-
bated for 1 h in 5% non-fat dry milk 5 and 0.5% Triton X-100, in
PBS 0.1M. Sections were then incubated in goat anti DCX (Santa
Cruz Biotechnology,CA,USA) diluted in 1% non-fat dry milk and
0.2% Triton X-100, in PBS 0.1 M, for 48 h at 4˚C. After washing in
PBS, the sections were incubated in secondary antibody (donkey
anti goat, Alexaﬂuor, Invitrogen) for 1 h, washed in PBS and then
stained with Hoechst (Invitrogen) for 5 min, washed again and
mounted on a microscope slide for the analysis of ﬂuorescence
(Axioscope 2 Zeiss). DCX+ cells in the SGZ and the granule cell
layer of the DG were counted exhaustively (at 40× magniﬁcation).
For analysis of cellmigration,DCX+ cells were scored asmigrating
if their cell body was, in the granular layer, fully detached from the
SGZ of at least 5μm. In the same slices analyzed for neurogenesis,
DG hippocampal area was calculated with Image J software and
the counting of DCX+ cells were normalized to DG area.
STATISTICAL ANALYSIS
The values were reported as mean± SEM. If not specify, n refers
to the number of mice analyzed. For comparisons among different
groups, a two-way analysis of variance (ANOVA) was used with
genotype and enrichment as between-subjects factors. ANOVA
analyses were followed by Tukey (electrophysiology) or Holm–
Sidak (neurogenesis analysis) post hoc analyses (Sigma Plot, 11.0
software). Mixed-model ANOVA with genotype and enrichment
as between-subject factor and repeated measure as within-subject
factor (e.g.,day,quadrant) followedbyTukeypost hoc comparisons
was performed to analyze water maze data.
RESULTS
THE ABSENCE OF CX3CR1 INCREASES HIPPOCAMPAL LTP BUT
ABOLISHES THE EFFECT OF EE
It has been reported that hippocampal LTP, induced by a weak
stimulation (1 s burst of 100 Hz, HFS) in the CA1 region of the
hippocampus, is enhanced by enrichment (Duffy et al., 2001).
Following the same protocol of induction, we measured fEPSP
potentiation in hippocampal slices in wt and CX3CR1GFP/GFP
mice following exposure to either SE or EE (Figure 1A,B). In
wt mice, the mean fEPSP slope potentiation, measured 35–
45 min after LTP induction, was 1.05 ± 0.04 (17 slices/8 mice) and
1.56± 0.08 of baseline (17 slices/9mice) in SE andEE, respectively.
In CX3CR1GFP/GFP mice, LTP induction produced fEPSP slope
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FIGURE 1 | CA1 plasticity of wt and CX3CR1GFP/GFP mice exposed
either to SE or EE conditions. Points represent mean±SEM.
Of fEPSP slopes evoked every 20 s and normalized as detailed in
the Section “Materials and Methods.” Arrows indicate time of
application of HFS. (A) Enhancement of LTP in wt mice raised in EE: 45min
after HFS, EE wt mice (open circle) developed a robust LTP of fEPSP slope
compared to that of mice raised in SE (dark square, p<0.001). (B) In
CX3CR1GFP/GFP mice LTP is enhanced and EE produced no effect: after HFS,
the amplitude of fEPSP potentiation of EE CX3CR1GFP/GFP mice (open circle) is
not different from that obtained in SE mice (dark square). Note that that basal
LTP evoked in SE is increased in CX3CR1GFP/GFP mice compared to wt [in (A),
p =0.006].
potentiation of 1.19± 0.06 (17 slices/7 mice) and 1.26± 0.07 (27
slices/9 mice) in SE and EE, respectively.
A main effect of housing condition was found [F1,27 = 10.232,
p = 0.002). However a signiﬁcant housing× genotype interaction
[F (1,27) = 20.035, p< 0.001] showed that the housing condition
affected only mice of the wt group. In particular, the post hoc
analysis revealed that (i) the fEPSP potentiation was signiﬁcantly
higher inCX3CR1GFP/GFP SE compared towt SE (p = 0.042), indi-
cating that in control conditions CX3CR1GFP/GFP mice showed an
enhanced plasticity, also conﬁrmed in littermates (Figure A1 in
Appendix); (ii) the wt EE showed a signiﬁcant enhancement com-
pared to wt SE (p< 0.001), indicating that EE affects only wt
mice.
SHORT-TERM PLASTICITY AND BASAL fEPSP RESPONSES TO
SCHAFFER COLLATERAL STIMULATION ARE NOT AFFECTED IN
CX3CR1GFP/GFP MICE
To analyze if the lack of effect of EE on LTP in CX3CR1GFP/GFP
mice could be due to altered responses to basal synaptic trans-
mission, we performed studies of PPR and fEPSP I–O curves
of synaptic transmission in wt and CX3CR1GFP/GFP mice. PPR,
that is the ratio between the fEPSP amplitude evoked by the sec-
ond stimulus over the ﬁrst, represents a form of pre-synaptic
short-term plasticity, whose variation is generally associated with
changes in transmitter release probability (Zucker, 1989). To eval-
uate PPR values in wt and CX3CR1GFP/GFP mice, we stimulated
Schaffer collateral pathway projections to CA1 at 50 ms intervals.
As shown in Figure 2A, PPR was 1.22± 0.03 (15 slices/7mice)
and 1.22± 0.04 (9 slices/5 mice), in CX3CR1GFP/GFP and wt mice,
respectively. These ﬁndings indicate that the transmitter release
probability at Schaffer collateral input is comparable between
the two genotypes. We then investigated synaptic strength in
CX3CR1GFP/GFP mice recording fEPSP I–O curves of synaptic
transmission in term of slope of the evoked potentials. Sample
traces of fEPSP recorded at different intensities are illustrated in
Figure 2B: the I–O relationships of the fEPSP slope CA1 curves
of the wt (7 slices/5 mice) were indistinguishable from those of
CX3CR1GFP/GFP mice (12 slices/7 mice), indicating similar basal
fEPSP responses to Schaffer collateral stimulation over a range of
stimulus intensities.
CX3CR1GFP/GFP MICE LEARNED THE WATER MAZE TASK FASTER THAN
WT MICE AND THEIR PERFORMANCE WAS NOT AFFECTED BY THE EE
In order to assess the role of CX3CL1/CX3CR1 signaling on
learning and memory abilities, we investigated the effects of
2.5 months exposure to either SE or EE on wt and CX3CR1GFP/GFP
mice in the Morris water maze test. The four experimental
groups, wt SE (n = 6), wt EE (n = 6), CX3CR1GFP/GFP SE (n = 8),
and CX3CR1GFP/GFP EE (n = 8) mice, showed no differences in
the learning performance in the visual phase, indicating that
unexpected drawbacks due to enrichment and/or to genetic
manipulation did not interfere with the ability to solve the maze.
In the acquisition phase, all mice signiﬁcantly reduced the
latency to ﬁnd the platform day after day [F (2,48) = 22.379,
p< 0.0001]. However, the experimental subjects exposed to EE
condition displayed better learning and memory abilities than
those exposed to SE, as shown by the signiﬁcant main effect of
the environment [F (1,24) = 9.001, p = 0.0062; Figure 3A, left]. In
line with the literature (Tremml et al., 2002; Harris et al., 2009),
a reduced thigmotactic behavior in EE compared to SE mice was
found [F (1,24) = 6.864, p = 0.0150; data not shown]. This may,
at least in part, explain the difference in learning performances
among groups shown during acquisition (Wolfer et al., 1998).
The effect of the environmentwas also evident during the probe
phase on the fourth and the sixth day [respectively,F (3,72) = 4.650,
p = 0.0050 and F (3,72) = 3.726, p = 0.0150; Figures 3B,C]. In par-
ticular, in both probe phases, EE mice spent signiﬁcantly longer
time in the quadrant where the platform was located during
the acquisition phase (acquisition quadrant) compared to SE
mice. By contrast, the effect of genotype was evident only during
the probe phase on the fourth day [F (3,72) = 4.201, p = 0.0085]
even though the analysis of genotype× environment interaction
did not reach statistical signiﬁcance [F (3,72) = 2.179, p = 0.0979].
However, post hoc analysis revealed that: (i) CX3CR1GFP/GFP mice
learned the water maze task faster than wt mice, the time spent
by SE CX3CR1GFP/GFP mice in the acquisition quadrant being
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FIGURE 2 | Schaffer collateral-hippocampal CA1 basal responses
in wt and CX3CR1GFP/GFP mice. (A) Histogram of fEPSP amplitude showing
the facilitation of the fEPSP evoked by the second pulse, in wt and
CX3CR1GFP/GFP mice, expressed as the ratio of the amplitude of the second
response to that of the ﬁrst (PPR). Error bars: ±SEM. (B) Stimulus intensity
response curves (I–O) in wt and CX3CR1GFP/GFP mice. fEPSP in the CA1 area
was increased in slope in an intensity-dependent manner. Inset: sample
recordings at 0.3 (left) and 0.6 Volt (right) stimulation intensity in either wt
(upper) or CX3CR1GFP/GFP mice (lower); scale vertical bar: 0.5mV; scale
horizontal bar: 50ms.
signiﬁcantly longer than that spent by SE wt (p< 0.05); (ii) EE did
not improve the water maze task performance in CX3CR1GFP/GFP
mice, since EE mice spent an amount of time similar to SE
mice in the acquisition quadrant. On the probe phase of the
sixth day, a main effect of quadrant was found [F (3,72) = 30.069,
p< 0.0001]. In addition, after pooling data of the two genotypes
within each house condition because of no genotype effect, the
interaction house condition × quadrant is statistically signiﬁcant
[F (3,78) = 4.146, p = 0.0088] and post hoc analysis revealed that
all groups spent more time in the platform quadrant (p< 0.05;
Figure 3C).
With regard to the other parameters considered in the analy-
sis, a main effect of the genotype was found for speed mea-
sured during the acquisition phase and the day 4 probe [respec-
tively, Fs(1,24) = 29.284 and 4.576, p< 0.001 and p = 0.0428],
CX3CR1GFP/GFP mice swimming faster than wt, but not in the
day 6 probe. A main effect of genotype was found also for path
length,CX3CR1GFP/GFP mice swimming longer paths thanwt dur-
ing the acquisition phase (Figure 3A, right), the day 4 and the day 6
probe (data not shown).However, since the genotype didnot affect
learning performance during the acquisition phase and speed and
path length are not relevant for evaluating quadrant preference
during the probe phase, the results obtained have not likely been
inﬂuenced by these factors. Both during the acquisition and the
probe phases, no difference in thigmotactic behavior among the
experimental groups was found.
EE ENHANCES NEUROGENESIS IN THE DG OF BOTH WT AND
CX3CR1GFP/GFP MICE.
CX3CR1GFP/GFP mice do not have evident alterations in brain
development (Jung et al., 2000) but show decreased proliferation
and neurogenesis in the SGZ and granular layer of the DG (Bach-
stetter et al., 2011). In order to investigate if the differences in
learning and memory abilities observed in CX3CR1GFP/GFP mice
could be correlated with alterations in DG neurogenesis, we ana-
lyzed the number of neuronal precursors (DCX positive cells)
present in the DG of wt and CX3CR1GFP/GFP mice grown in SE or
EE (n = 4 for both housing conditions and genotypes) (represen-
tative image shown in Figure 4A).We reported that the number of
neuronal precursors was affected not only by the lack of CX3CR1,
as shown by the signiﬁcant effect of genotype [F (1,13) = 28.327,
p< 0.001], but also by the housing conditions [F (1,13) = 19,238,
p< 0.001] without any signiﬁcant interaction between the two
factors (p = 0.760). The mean area values of the DG analyzed
for wt and CX3CR1GFP/GFP mice were not signiﬁcantly differ-
ent, indicating that the effect of genotype was not dependent
on different DG size (wt : 0.143 mm± 0.004 mm,CX3CR1GFP/GFP:
0.141 mm± 0.004 mm). Post hoc analysis revealed that the num-
ber of DCX positive cells was: (i) signiﬁcantly higher in wt com-
pared to CX3CR1GFP/GFP (p< 0.001; Figure 4B–F , as previously
described (Bachstetter et al., 2011); (ii) increased by exposure to
EE in both genotypes (p< 0.001; Figures 4D–F).
We then evaluated the rate of radial migration of neuronal
precursors in the DG, the step that precedes their differentiation
into granule neurons and the establishment of synaptic contacts
in the pre-existing hippocampal circuitries (Cameron et al., 1993;
Markakis and Gage, 1999). For this reason we measured the num-
ber of migrating neuronal precursors, deﬁned as the DCX+ cells
whose cell body was at least 5μm distant from the SGZ. We found
that the number of DCX+ migrating cells was affect by both hous-
ing [F (1,12) = 85.165, p< 0.001] and genotype [F (1,12) = 27.570,
p< 0.001] conditions but no signiﬁcant interaction of these two
factors was found (p = 0.287). Post hoc analysis revealed that: (i)
migrating cells were increased in both genotypes in EE compared
to SE condition (p< 0.001; Figures 4B–E,G; (ii) wt mice showed
a higher number of migrating cells compared to CX3CR1GFP/GFP
(p< 0.001; Figures 4B–E,G).
When we measured the ratio of migrating DCX+/total DCX+
cells,we found amain effect of housing [F1,12 = 51,011,p< 0.001]
and genotype condition [F (1,12) = 6,399, p = 0.026] with a
signiﬁcant factors interaction [F (1,12) = 5.668, p = 0.035]. Post hoc
analysis revealed that the ratio between migrating DCX+/total
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FIGURE 3 | Morris water maze in wt and CX3CR1GFP/GFP mice exposed to
either SE or EE condition. (A) Acquisition. Left: latency to ﬁnd the
platform. All subjects learnt to ﬁnd the platform. However, EE mice,
independently from their genotype, showed a signiﬁcant reduction in
escape latency compared with SE mice. Right: path length to ﬁnd the
platform. A main effect of genotype was found for path length,
CX3CR1GFP/GFP swimming longer paths than wt during the acquisition phase.
(B) Probe on the fourth day. SE CX3CR1GFP/GFP mice spent an amount of time
similar to that spent by EE CX3CR1GFP/GFP mice and signiﬁcantly longer than
that spent by SE wt mice. (C) Probe on the sixth day. All experimental
groups spent signiﬁcantly more time in the quadrant where the platform
had been located during training than in the other quadrants. The EE mice
showed a better learning performance than SE mice, independently from
their genotype. *p<0.05 vs. both EE wt and SE CX3CR1GFP/GFP mice.
#p<0.05 vs. the other quadrants for each experimental group. Data are
mean±SEM.
DCX+ cells was signiﬁcantly different in the two genotypes only
in SE, CX3CR1GFP/GFP mice showing reduced levels compared to
wt (p< 0.05), but not in EE condition (Figures 4B–E,H).
DISCUSSION
The main aim of the present work was to investigate the role of
CX3CR1 in mediating the effects of prolonged EE on hippocampal
function and neurogenesis. As expected according to the literature
(van Praag et al., 2000; Duffy et al., 2001), EE enhanced neuronal
plasticity in wt but, surprisingly, not in CX3CR1GFP/GFP mice. In
particular, following exposure to long-term EE, CX3CR1GFP/GFP
mice showed no improvement in both CA1 hippocampal LTP
and in water maze performance on day 4 probe. In contrast, EE
enhanced hippocampal neurogenesis and migration of adult new
born neuronal precursors in the DG of both genotypes.
We also report that the lack of CX3CR1 has several effects
by itself. In particular, in CX3CR1GFP/GFP mice grown under SE
conditions, hippocampal LTP, and spatial memory are improved
whereas DG neuronal precursor generation and migration are
FIGURE 4 | Neuronal precursors in the DG of wt and CX3CR1GFP/GFP
mice. (A) Representative low-scale magniﬁcation of mouse hippocampal
dentate gyrus (DG) coronal section stained for Hoechst (blue). The highlight
square illustrates the DG regions ampliﬁed in (B–E) where DCX+ cells are
shown. Scale bar, 100μm. (B–E) Representative images of DCX+ cells (red)
in the DG of wt and CX3CR1GFP/GFP mice, in SE and EE as indicated. Migrating
DCX+ cells are marked with white arrows, non-migrating cells with yellow
arrows. Green cells in CX3CR1GFP/GFP slice are microglia. Scale bar, 10μm.
(F) Histograms showing the number of DCX+ cells square millimeter in the
DG of wt (left) and CX3CR1GFP/GFP mice (right) in SE (top) and EE (bottom).
*Is EE vs. SE and $ is CX3CR1GFP/GFP vs. wt. (p<0.001). (G) Migrating DCX+
cells square millimeter in the DG of wt and CX3CR1GFP/GFP mice in SE and
EE. *Is EE vs. SE and $ is CX3CR1GFP/GFP vs. wt. (p<0.001). (H) Histograms
showing the ratio between migrating vs. total DCX+ in wt and CX3CR1GFP/GFP
mice in SE and EE. *Is EE vs. SE (p<0.001) and # is within SE
CX3CR1GFP/GFP vs. wt. (p<0.05). Data are presented as mean±SEM.
reduced when compared with wt mice (see also Bachstetter
et al., 2011). Speciﬁcally, we reported that, although in SE
CX3CR1GFP/GFP mice showed similar responses to basal synaptic
transmission (measured as I–O functional curves and PPF), upon
a weak stimulation (100 Hz train) they had a more robust CA1
LTP compared to wt mice, demonstrating microglia-driven alter-
ations of plasticity phenomena. This is in line with our previous
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results, demonstrating that treatment with exogenous CX3CL1
inhibits CA1 LTP through the activity of adenosine system, specif-
ically of the adenosine receptor type 3 (AR3; Maggi et al., 2009).
The role of microglia in modulating neuronal circuitry functions
and hippocampal plasticity is also suggested by recent ﬁndings
demonstrating that, during development, CX3CR1GFP/GFP mice
had a decreased density in microglia cells that were compromised
in their capacity to engulf synaptic material leading to immature
connectivity, augmented LTD, and a global increase in excitatory
synapses with immature functional characteristics (Paolicelli et al.,
2011).
It has been proposed that exposure to EE may modify synap-
tic physiology and plasticity in hippocampal neurons (Green and
Greenough, 1986; Foster et al., 1996; van Praag et al., 1999)
being able to produce an enhancement of LTP in the area CA1
(Duffy et al., 2001). In plasticity processes, signaling between peri-
synaptic astrocytes,microglia andneuronsplays an important role.
Astrocytes and microglia secrete an array of cytokines and factors
which contribute to synaptic modulation, learning and memory
processes in healthy and diseased brain (Volterra and Meldolesi,
2005; Hanisch and Kettenmann, 2007). Nevertheless, the exact
mechanisms as to how cytokines and in particular chemokines,
participate in the molecular and cellular processes thought to sub-
serve memory formation and responsiveness to environmental
stimuli remain to be clariﬁed. Interestingly, it has been recently
reported that mice lacking type 1 receptor for interleukin 1 (IL-1)
display impaired hippocampal memory and LTP that are restored
by EE (Goshen et al., 2009).
Here we showed that, in the absence of CX3CR1, EE failed to
affect hippocampal CA1 LTP, whereas it produced an increased
plasticity in wt animals. These evidence suggest that the absence
of microglia-driven CX3CR1 signaling occludes the enrichment
effects (although we are not at saturating LTP level) possibly
because of some overlapping mechanisms that need further inves-
tigation. We speculate that this lack of response to environmental
stimulation might be explained with altered microglia–neurons
cross-talk, affecting the circuitry underlying synaptic plasticity.
These changes could reduce the responsiveness of hippocampal
CA1 region to EE stimuli that, in wt animals, have been shown
to increase the number of synaptic contacts and the density of
non-perforated synapses in this area (Rampon and Tsien, 2000).
A strong association between LTP and cognition has been
widely described in previous studies illustrating LTP as prime
candidate for the cellular mechanisms of learning and mem-
ory (Tsien et al., 1996; Malenka, 2003). EE has been shown to
enhance learning and memory functions in various tasks (van
Praag et al., 1999). In particular, enriched mice display a bet-
ter performance in the Morris water maze compared to controls
(Pacteau et al., 1989; Kempermann et al., 1997). Here, we con-
ﬁrm these ﬁndings, showing that EE improved the performance
of both genotypes with regard to latency to reach the platform
during the acquisition phase and the preference for the platform
quadrant during both probe phases. Indeed, the preference for
the platform quadrant emerged earlier in the EE group, appearing
after 4 days of acquisition, while it was evident only after 6 days in
the SE group. Post hoc analysis revealed that the effect of the hous-
ing condition at day 4 probe is mainly due to a lack of preference
shown by SE wt while CX3CR1GFP/GFP mice, independently from
the housing conditions, showed a signiﬁcant preference, indicat-
ing enhanced cognitive abilities. Interestingly, improved cognitive
functions have been described in mice lacking interleukin 6 (IL-6,
Braida and Sacerdote, 2004) whereas increased levels of IL-6 were
associated with decline in learning and memory abilities (Monje
and Toda, 2003).
The lack of differences in learning performance at day 4 probe
is in accordance with the LTP data, corroborating a reduced sen-
sitivity to environmental stimulation associated with CX3CR1
deﬁciency. However, we cannot exclude the presence of a ceil-
ing effect, being the preference for the platform quadrant already
at high levels after 4 days of acquisition, no further improvement
due to EE might be possible. At day 6 probe, the housing con-
dition affected the preference for the platform quadrant also in
CX3CR1GFP/GFP mice, possibly because the prolonged water maze
training allowed differences associated to housing condition to
clearly emerge. It is worth noticing that the procedure followed in
the present work consisting in exposing mice to a probe trial (i.e.,
day 4 probe), which is an extinction trial, during the acquisition
phase may have interfered with the learning process. However, the
preference for the acquisition quadrant shown by all experimen-
tal groups in the day 6 probe trial suggests that such interference,
if any, was limited. Further investigations are warranted to bet-
ter characterize the effect of CX3CR1 deﬁciency on learning and
memory.
Considerable evidence suggest that hippocampal neurogenesis
plays a role in learning and memory functions (Shors et al., 2001;
Snyder et al., 2005) and that EE stimulates hippocampal neuro-
genesis in the DG (Kempermann et al., 1997; Kempermann and
Gage, 1999; van Praag et al., 1999) but the precise mechanisms
by which neurogenesis facilitates memory formation remain to be
fully understood. Recent data suggest that neurogenesis may be
associated with some forms of hippocampal-dependent memory
but not others (Shors andTownsend,2002; Saxe et al., 2007;Garthe
et al., 2009) and that reducing neurogenesis does not affect LTP in
CA1 area (Garthe et al., 2009).
CX3CL1 has been recently shown to be involved in the reg-
ulation of DG neurogenesis, since CX3CR1GFP/GFP mice have a
reduced number of neuronal precursors in the DG (Bachstet-
ter et al., 2011). We investigated whether EE was able to affect
hippocampal neurogenesis in the absence of a normal CX3CL1-
CX3CR1 signaling. Our results conﬁrm that mice lacking CX3CR1
have, in SE, a reduced neurogenesis in the SGZ and granular layer
of the DG, as measured by DCX staining (Bachstetter et al., 2011).
We report that exposure to EE induced a signiﬁcant increase
of neurogenesis and migration of new born cells in the DG of
both wt and CX3CR1GFP/GFP mice and that the differences in the
percentage of new born migrating cells observed in CX3CR1 deﬁ-
cient mice are lost upon EE exposure. This observation indicates
that EE may modulate speciﬁc signals in the neurogenic niche,
likely modulating survival and differentiation of new born cells,
that are functional also in the absence of CX3CR1 but probably
do not overlap with those involved in basal regulation. Possible
candidates are factors involved in new born cell survival, local net-
work activity (Deng et al., 2010), and epigenetic factors (Covic et
al., 2010; Lopez-Atalaya et al., 2011). Interestingly, hippocampal
neurogenesis induced by EE was associated with the activation of
microglia (Ziv et al., 2006). It has been proposed that disruption
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of microglia-driven CX3CR1 signaling decreases survival and pro-
liferation of neuronal progenitors via mechanisms that involve
indirect modiﬁcation of niche environment, in particular through
IL-1β (Bachstetter et al., 2011).
Our results also suggest that learning-induced regulation of
adult neurogenesis is not speciﬁcally associated with modiﬁca-
tion in CA1 hippocampal plasticity or Morris water maze per-
formance, substantiating the current idea that these forms of
hippocampal-dependent plasticity and learning processes are not
directly related with DG neurogenesis. Future studies are war-
ranted to discern if speciﬁc plasticity processes in DG area could
be altered in CX3CR1GFP/GFP mice, in particular those related to
adult-generated granule cells that have a potential role in spatially
precise, place speciﬁc strategy (Garthe et al., 2009).
In conclusion, we provide the ﬁrst experimental evidence that
the absence of a constitutive CX3CL1/CX3CR1 signaling leads to
an increase in hippocampal plasticity and learning performance
and to adecrease inhippocampal-dependent responses to environ-
mental stimulation,demonstratingmicroglia-driven alterations of
plasticity phenomena.
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APPENDIX
FIGUREA1 | LTP in littermates wt, CX3CR1GFP/GFP and CX3CR1+/GFP mice.
Points represent mean±SEM. Of fEPSP slopes. Arrows indicate time of
application of HFS. Note that after HFS, CX3CR1GFP/GFP mice (open circle)
developed a robust LTP of fEPSP slope (45min after induction: 1.34±0.28
respect to baseline, 8 slices/3 mice), whereas wt mice displayed no LTP
(dark circle, 1.04±0.07, 6 slices/2 mice, p<0.05 to CX3CR1GFP/GFP) and
heterozygotes (open square, 1.22±0.19, 6 slices/2 mice) an intermediate
phenotype, respectively.
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